Understanding cues to the internal states of others involves a widely distributed network of brain regions. Although white matter (WM) connections are likely crucial for communication between these regions, the role of anatomical connectivity in empathic processing remains unexplored. The present study tested for a relationship between anatomical connectivity and empathy by assessing the WM microstructural correlates of affective empathy, which promotes interpersonal understanding through emotional reactions, and cognitive empathy, which does so via perspective taking. Associations between fractional anisotropy (FA) and the emotional (empathic concern, EC) and cognitive (perspective taking, PT) dimensions of empathy as assessed by the Interpersonal Reactivity Index were examined. EC was positively associated with FA in tracts providing communicative pathways within the limbic system, between perception and action-related regions, and between perception and affect-related regions, independently of individual differences in age, gender, and other dimensions of interpersonal reactivity. These findings provide a neuroanatomical basis for the rapid, privileged processing of emotional sensory information and the automatic elicitation of responses to the affective displays of others.
Introduction
Understanding cues to the internal states of others is central to normal human functioning. Past research suggests that there are 2 ways to process these cues: Through visceral, affective reactions (i.e., emotional empathy or "feeling" for others) and through more reasoned, cognitive responses (i.e., cognitive empathy or understanding how others might think or feel ; Davis 1983a; De Waal 2007) . Individuals vary substantially in how much they experience empathy in everyday life, and more specifically, in the relative frequency with which they use emotional or cognitive strategies to understand cues to the internal experiences of others (Davis 1983a) . Although both emotional and cognitive aspects of empathy are thought to rely on networks of widely distributed cortical areas that interact via long-range white matter (WM) connections (Carr et al. 2003; Zaki and Ochsner 2012) , the role of anatomical connectivity in empathy remains largely unexplored. The current study sought to test whether individuals with the capacity and predisposition to empathize with others exhibit structural differences in anatomical connectivity and further, to identify the characteristics of WM microstructure that underlie individual differences in the tendency to employ cognitive and emotional empathy to understand others.
Behavioral evidence strongly suggests that cognitive and emotional empathy are subserved by distinct systems (De Waal 2007) . Cognitive empathy undergoes a protracted development in humans (Decety and Jackson 2004; Saxe et al. 2004 ) and appears to comprise an evolutionarily recent capacity, as it is observable in great apes (De Waal 2007) but not in other primates (Cheney and Seyfarth 1990) . Cognitive empathy requires considerable mental sophistication and resources, as it requires that we simultaneously keep in mind and distinguish between multiple possible perspectives on a given situation (Decety and Jackson 2004; Decety and Lamm 2007) . By contrast, emotional empathy often does not require a self-other distinction (De Waal 2007) . Emotional forms of empathy appear to rely on phylogenetically ancient mechanisms, as they are present even in rodents (Langford et al. 2006) , and may comprise an innate tendency in humans, as emotion contagion is observable even during the first day of life (Singer 2006) . Additionally, while emotional empathy is characterized by fast, automatic reactions (Dimberg et al. 2000) , cognitive perspective taking comprises a more effortful, reasoned process similar to nonsocial forms of perspective taking (e.g., visuospatial perspective taking; Aichhorn et al. 2006; Hamilton et al. 2009 ) and is likely reliant on more domain-general computations (Decety and Lamm 2007) . Cognitive and emotional forms of empathy can also be clinically dissociated. For instance, in psychopathy, emotional empathy is compromised, but cognitive perspective taking abilities are preserved (Soderstrom 2003) .
Consistent with behavioral dissociations, distinct neural systems appear to support cognitive and emotional aspects of empathy. Emotional empathic responses seem to rely on activity in the putative human mirror neuron system (hMNS; Iacoboni and Dapretto 2006) or action observation network (AON; Grafton et al. 1996 )-the inferior frontal gyrus (IFG; Carr et al. 2003; Pfeifer et al. 2008) , inferior parietal lobule (Gazzola et al. 2006) , and posterior superior temporal sulcus ( pSTS; Carr et al. 2003 )-as well as the insula and amygdala (Carr et al. 2003) . Contrastingly, tasks eliciting cognitive empathic responses (e.g., mentalizing, perspective taking) preferentially recruit the medial prefrontal cortex (MPFC; Mitchell et al. 2005; Amodio and Frith 2006) , temporoparietal junction (TPJ; Saxe and Kanwisher 2003) , pSTS, and temporal poles (Frith 2001 ; for a review see Zaki and Ochsner 2012) rather than core AON/hMNS or limbic areas. While cognitive forms of empathy are sometimes associated with AON/hMNS activity (e.g., Montgomery et al. 2009 ), emotional empathic responses appear to recruit the AON/hMNS more strongly than cognitive empathic responses (Nummenmaa et al. 2008) , consistent with a central role for linking action perception and production in emotional empathy. Neuropsychological evidence also suggests that distinct cortical regions contribute to emotional and cognitive forms of empathy. Patients with lesions to the MPFC have low self-reported cognitive empathy, but have emotional empathy scores within the normal range, whereas patients with IFG lesions report low emotional empathy, but have cognitive empathy scores within the normal range (Shamay-Tsoory et al. 2009 ). Thus, converging evidence from comparative and developmental cognition, clinical populations, and neuroimaging studies suggests that emotional and cognitive empathic responses are subserved by distinct neural systems.
While a growing body of evidence suggests that empathy is not a unitary construct, only one personality scale is rooted in a multidimensional conceptualization of empathy (Konrath et al. 2011 ): The Interpersonal Reactivity Index (IRI; Davis 1980) . The IRI was designed to assess 2 affective (empathic concern, EC; personal distress, PD) and 2 cognitive (fantasy scale, FS; perspective taking, PT) constructs related to interpersonal reactivity. EC and PT are of primary interest to the present study as they correspond most clearly to common conceptualizations of emotional and cognitive empathy, respectively (Baron-Cohen and Wheelwright 2004; Lawrence et al. 2004) . Consistent with this assertion, PT is the IRI subscale most correlated with the Hogan Empathy Scale (Hogan 1969) , a widely used measure of cognitive empathy (r = 0.42 for males; r = 0.37 for females; Davis 1983a), whereas EC is the subscale most related to the Questionnaire Measure of Emotional Empathy (QMEE; Mehrabian and Epstein 1972) , a popular measure of emotional empathy (r = 0.63 for males; r = 0.56 for females; Davis 1983a). In particular, EC is considered to be the most prototypical dimension of empathy and remains the subscale most often used to study empathy (Konrath et al. 2011) . EC has repeatedly been associated with prosocial behavior in both naturalistic and laboratory settings (Davis 1983b; Unger and Thumuluri 1997; Eisenberg et al. 2002; Wilhelm and Bekkers 2010) . Consistent, robust associations with spontaneous helping behavior appear to be specific to EC (Davis 1983b; Konrath et al 2011) . When people are reminded to adopt the perspectives of those in need, the PT subscale also predicts prosocial behavior (Davis 1983b ). Additionally, low PT scores predict antisocial behavior. Criminal offenders score lower than nonoffenders on PT, but not on any other subscale of the IRI (Jolliffe and Farrington 2004) .
Neither FS nor PD appears to have consistent antisocial or prosocial behavioral correlates (Konrath et al. 2011) , perhaps because they measure constructs that are related, rather than identical, to empathy-imagination and emotion regulation, respectively (Baron-Cohen and Wheelwright 2004; Lawrence et al. 2004; Stueber 2008) . In contrast to EC and PT, which measure other-oriented reactions to social information, PD and FS subscale items concern self-oriented reactions that can occur in response to nonsocial information: 5 of the 7 PD subscale items do not mention other people (e.g., "In emergency situations, I feel apprehensive and ill-at-ease"), and all FS items relate to engaging with fictional characters in books and movies. Additionally, while FS and PT scores are sometimes summed to obtain a measure of cognitive empathy, Davis (1983b) later determined that FS "is more a measure of emotional than cognitive empathy" based on its correlations with other IRI subscales and with measures of emotionality, and has recommended against summing IRI subscales to obtain composite empathy scores (D'Orazio 2004) . In sum, PT and EC closely correspond to classical definitions of cognitive and emotional empathy, while FS and PD assess selforiented reactions not specific to social information and may not comprise valid approximations of empathy in itself (Baron-Cohen and Wheelwright 2004; Lawrence et al. 2004; Stueber 2008) . PT and EC subscales are most related to cognitive and emotional empathic responses to other people as measured by existing self-report measures, by the content of their constituent items and by their real-world behavioral correlates. Thus, in order to characterize the patterns of anatomical connectivity specifically related to cognitive and emotional empathy, our primary analyses involved probing the WM microstructural correlates of PT and EC scores.
While the neural systems thought to support empathy rely on the coupling of activity between distant brain regions, the anatomical characteristics that support this coupling have not yet been well characterized. Rapid coupling of far-off brain regions (e.g., between frontal areas implicated in motor planning and parietal areas implicated in action representation) may be particularly central to emotional empathy. Individuals high in emotional empathy as assessed by the QMEE (Mehrabian and Epstein 1972) , which corresponds to the EC subscale of the IRI (Davis 1983a) , tend to rapidly and automatically mimic observed facial expressions of emotion more than individuals low in emotional empathy (Sonnby-Borgström 2002; Dimberg et al. 2011) . Moreover, emotional resonance is characterized not only by after the fact mimicry, but also by the synchronization of postures, movements, facial expressions, and vocalizations, necessitating rapid coupling between perception and action (Hatfield et al. 1993 ). However, the anatomical pathways that support this coupling remain unexplored. More specifically, it is unknown whether people with the capacity and predisposition to empathize with others exhibit structural differences in WM architecture compared with individuals lower in empathy, and whether specific kinds of empathic tendencies-i.e., tending to empathize emotionally or to engage in cognitive perspective taking to understand others-are rooted in specific patterns of anatomical connectivity.
While linking anatomical connectivity with behavioral outcomes has received increased attention recently, most research has focused on characterizing the consequences of disruptions to WM connectivity associated with lesions, clinical conditions, or developmental disorders (Catani and Mesulam 2008; Loui et al. 2009; Whitfield-Gabrieli et al. 2009; Cheon et al. 2011; Jou et al. 2011) . Far less is known about how graded individual differences in behavior relate to anatomical connectivity among healthy individuals (Loui, Li, Hohmann, et al. 2011) . While local hypoconnectivity tends to be associated with functional deficits in domains of cognition supported by a given set of anatomical connections, hyperconnectivity often supports above average functioning in those domains (Loui, Li, Hohmann, et al. 2011) . For instance, individuals with tone deafness, characterized by mismatches between the perception and production of auditory pitch, exhibit abnormally reduced WM connectivity of the right arcuate fasciculus (Loui et al. 2009 ), an association fiber tract comprising part of the superior longitudinal fasciculus (SLF) that connects superior temporal regions implicated in pitch perception and inferior frontal regions implicated in pitch production. Contrastingly, individuals with absolute pitch (i.e., who can name and reproduce any given auditory pitch without a reference; Miyazaki 1989) exhibit hyperconnectivity in portions of the SLF (Loui, Li, Hohmann, et al. 2011) .
Because emotional empathy relies on an analogous coupling of regions implicated in action production and perception, it was predicted that individual differences in EC would be associated with local differences in anatomical connectivity between AON/hMNS regions. More specifically, because vocal expressions of emotion (i.e., prosody) rely on similarly intricate and relational patterns of auditory pitch as those present in melodies, and because melodic processing ability appears to scale continuously with level of connectivity within the right SLF (Loui et al. 2009 , Loui, Li, Hohmann, et al. 2011 Halwani et al. 2011) , it was predicted that more robust WM microstructure in the right SLF would be associated with greater levels of EC. Further, because empathy is thought to result in part from the modulation of AON/hMNS activity from the amygdala via the insula (Carr et al. 2003) , it was predicted that WM integrity in these regions (Augustine 1996) would be more robust among individuals with higher levels of emotional empathy. Correspondingly, it was predicted that WM integrity in tracts connecting areas involved in mentalizing (e.g., TPJ, temporal poles, MPFC, precuneus; Zaki and Ochsner 2012) would be more robust among individuals higher in cognitive empathy. Additionally, previous research in lesion patients suggests that long-range fiber tracts in the sagittal stratum, such as those linking the occipital cortex with areas implicated in affective processing in the anterior temporal lobe, amygdala, and orbitofrontal cortex (OFC; i.e., inferior longitudinal fasciculus, ILF; inferior fronto-occipital fasciculus, IFOF; Catani et al. 2002 Catani et al. , 2003 , support the rapid interactions between sensory and emotional processing that underlie emotion recognition (Rudrauf et al. 2008; Philippi et al. 2009 ), which is closely tied to emotional empathy (Shamay-Tsoory et al. 2009 ). Autism spectrum disorder (ASD), characterized by deficits in mentalizing (Baron-Cohen et al. 1985) , mimicry (Smith and Bryson 1994) and appropriately engaging the AON/hMNS (Rizzolatti and Fabbri-Destro 2008) , is also associated with widespread reductions in WM connectivity in tracts including the forceps minor (FM), forceps major, corticospinal tract (CST), cingulum, SLF, ILF, IFOF, anterior thalamic radiations (ATR), uncinate fasciculus (UF), and corpus callosum (CC; Cheon et al. 2011; Jou et al. 2011) . Thus, previous clinical and neuroimaging evidence suggests that several cerebral circuits may be implicated in both cognitive and emotional dimensions of empathy. Therefore, tract-based spatial statistics (TBSS; Smith et al. 2006 ) were used to correlate diffusion tensor imaging (DTI)-derived indices of WM microstructural integrity throughout a skeleton of WM tracts common to all participants in the current study with self-reported empathy. While multiple cortical circuits likely underlie inter-individual variability in cognitive and emotional empathic tendencies, it was predicted that the most robust relationships would be found between emotional empathy and WM microstructure in networks connecting frontal, parietal, and limbic brain regions.
Materials and Methods
Participants Sixty-four English speakers (37 females) between 18 and 28 years of age (M = 19.45 years; standard deviation, SD = 1.65 years) participated in this study. All participants provided written informed consent prior to scanning, and the experimental procedure was approved by the Dartmouth College Committee for the Protection of Human Subjects. All participants were right-handed and had no known history of neurological disorders.
Behavioral Measures

Measuring Empathy
Participants were given the IRI (Davis 1980) as part of a large battery of self-report measures administered during an undergraduate introductory psychology class prior to participation. The IRI is a 28-item self-report questionnaire with four 7-item subscales (EC, FS, PD, and PT). Respondents rate how well each statement describes them from 0 ("does not describe me well") to 4 ("describes me very well"). The IRI subscales have been shown to have good internal consistency, with alpha coefficients ranging from 0.71 to 0.77, as well as good testretest reliability, with test-retest reliability coefficients ranging from 0.61 to 0.81 (Davis 1980; Christopher et al. 1993 ). While it is a selfreport measure, there is a high degree of self-other agreement on IRI scores (Cliffordson 2001) . Its 4-factor structure has been confirmed in large adult samples (e.g., Davis 1980; Carey et al. 1988 ). This measure has high discriminant and convergent validity (Davis et al. 1994) , indicating that its 4 subscales measure distinct components of empathy. Because not all IRI subscales are positively correlated (Davis 1980 (Davis , 1983a Eisenberg and Fabes 1990) , previous authors, including the scale's creator, have advised against summing IRI subscales to obtain composite empathy scores (D'Orazio 2004) .
The EC subscale includes statements describing the tendency to experience concern, warmth, and sympathy for others (e.g., "Other people's misfortunes do not usually disturb me a great deal"). Statements on the PD subscale pertain to respondents' tendency to experience self-oriented anxiety and stress in tense situations (e.g., "I tend to lose control during emergencies"). PT subscale items describe the tendency to spontaneously adopt others' points of view in everyday life (e.g., "I sometimes try to understand my friends better by imagining how things look from their perspective"). Finally, FS subscale items assess how much participants engage with fictional characters (e.g., "When I am reading an interesting story or novel, I imagine how I would feel if the events in the story were happening to me"). Females tend to score more highly than males on all subscales; the greatest gender difference is associated with the FS subscale (Davis 1980) . Only EC, and, to a lesser extent, PT, are associated with prosocial outcomes (Konrath et al. 2011) . Similarly, PT and EC measure prototypical cognitive and emotional empathy, respectively, while PD and FS have been argued to assess broader psychological constructs (Baron-Cohen and Wheelwright 2004; Lawrence et al. 2004; Stueber 2008) .
Assessing Musical Training History
After scanning, participants were contacted with questions regarding their musical training experience to ensure that any observed relationships between WM microstructure and empathy were not mediated by musical training history (musical training has previously been correlated with structural differences in WM tracts connecting areas involved in action perception and production; Halwani et al. 2011) . Fifty participants provided this information. These participants answered the following questions: 1) "Have you ever taken music lessons (e.g., piano, violin or singing lessons) or otherwise practiced music on a regular basis?" and 2) "If yes, (a) at what age did you begin receiving musical training, and (b) how many years cumulatively have you played music on a regular basis?" Image Acquisition Structural images were acquired on a Philips Intera Achieva 3-T scanner (Philips Medical Systems) with a SENSE (SENSEitivity Encoding) 8-channel head coil. Participants' heads were stabilized using foam padding and masking tape was placed across participants' foreheads to prevent motion and to ensure that subjects were aware of small movements. Diffusion-weighted images were acquired using echo-planar imaging (32 diffusion gradient directions; b-value = 1000 s/mm direction vectors were extracted using the DTI_gradient_table_creator JAVA applet provided by Jonathan A.D. Farrell (John Hopkins University, Baltimore, MA, United States of America), supported by NIH/ NCRR grant RR15241 to the Kennedy Krieger Institute, RO1AG20012 and U24 RR021382-02 (Morphometry group of the Biomedical Informatics Research Network, BIRN; Farrell et al. 2007 ).
Diffusion Tensor Imaging Analysis TBSS ) in FMRIB's software library (FSL) (Smith et al. 2004 ) was used to carry out voxelwise statistics. First, all participants' diffusion-weighted images were corrected for eddy currents and head motion. Next, fractional anisotropy (FA) images were created by fitting a tensor model to raw diffusion data with FMRIB's diffusion toolbox in FSL, and brain extraction was performed using FSL's brain extraction tool (Smith 2002) . FA comprises a general marker of axonal integrity. Larger FA values can reflect increased myelination, increased axonal coherence, and/or increased axonal caliber (Beaulieu 2002 ). All subjects' FA images were aligned to the MNI152 FA template using the nonlinear registration tool FNIRT (Andersson et al. 2007a (Andersson et al. , 2007b . Next, a mean FA image was created and thinned to produce a group mean FA skeleton representing the centers of tracts common to all participants in the study. Finally, each subject's spatially normalized FA data were projected onto this common skeleton, and these data were fed into voxelwise cross-subject statistics .
In hopes of better characterizing which diffusion component was contributing to any observed FA differences, axial diffusivity (ADdiffusivity along the axons) and radial diffusivity (RD-diffusivity perpendicular to the axons) maps were also created for each subject. Previous research suggests that lower RD values may be associated with increased myelination, whereas AD may indicate degree of axonal coherence (Song et al. 2002 , but see Wheeler-Kingshott and Cercignani 2009). AD was defined as the largest eigenvalue (λ 1 ), and RD was defined as the mean of the second and third eigenvalues ([λ 2 + λ 3 ]/2; Alexander et al. 2007 ). AD and RD maps were calculated using eigenvalue maps created by dtifit in FSL. The nonlinear transformations derived from aligning FA images to the MNI152 FA template were applied to each subject's AD and RD images. Projection vectors used to project each subject's FA data onto the group mean tract skeleton were also used to project each subject's AD and RD data onto the tract skeleton.
Statistical Analysis
Primary Analyses
Cross-subject analyses relating voxelwise FA values to empathy were completed using the general linear model (GLM) tool in conjunction with permutation tests using Randomise in FSL. The primary analyses entailed probing positive and negative correlations between FA values within WM tracts in the group mean skeleton and empathy scores across subjects. Previous work has consistently found both positive and negative correlations among IRI subscales (Davis 1980 (Davis , 1983a Eisenbergand Fabes 1990; D'Orazio 2004) . Additionally, systematic relationships between empathy scores, age (Schieman and Van Gundy 2000) , and gender (Davis 1980 (Davis , 1983b , as well as between FA and both gender and age (Schmithorst et al. 2008) , have been documented. Therefore, to assess the unique relationship between WM microstructure and cognitive empathy, centered PT subscale scores were entered into the GLM with the remaining IRI subscales, age, and gender included in the model as centered nuisance variables. To assess specific associations between emotional empathy and WM microstructure, an analogous analysis was performed with EC as the variable of interest.
Significance of correlation inferences was assessed using 5000 Monte Carlo simulations to test for associations between FA values and cognitive and emotional empathy. Threshold-free cluster enhancement (TFCE; Smith and Nichols 2009) was used in lieu of setting arbitrary cluster-forming thresholds, with height set at 2 and cluster extent set at 0.5. All presented results are significant at P < 0.05 after controlling for family-wise error rate (FWE) using TFCE, and employing an additional Bonferonni adjustment for having performed 4 statistical contrasts (i.e., positive and negative correlations between FA and EC; positive and negative correlations between FA and PT). More specifically, to correct both for multiple comparisons across space and for multiple statistical contrasts, FWE-corrected P-value maps were thresholded at a Bonferonni-adjusted significance level of P < 0.0125. Clusters where local microstructure differed as a function of empathy scores were labeled with reference to atlas-based images (Mori et al. 2005 (Mori et al. , 2008 .
Secondary Analyses
In addition to our primary analyses, 2 sets of secondary exploratory analyses were performed. First, in order to explore the WM microstructural correlates of other aspects of interpersonal sensitivity assessed by the IRI, exploratory analyses analogous to those described above were performed with FS and PD as variables of interest.
Finally, to clarify which diffusion component was driving any correlations between FA and empathy observed in the primary analyses, for each statistical contrast, the same GLM procedures described above were performed on subjects' AD and RD maps within voxels whose FA values were significantly related to individual differences in empathy scores. Table 1 , along with those from previously reported normative data (Davis 1980) . Compared with males (M = 10.59; SD = 4.86), females (M = 13.16; SD = 4.86) had significantly higher PD scores t(56.23) = 2.09, P < 0.05. There was also a trend such that females (M = 20.24; SD = 6.04) tended to score higher than males (M = 17.37; SD = 5.27) on the FS subscale t(51.43) = 1.98, P = 0.05. While this pattern of gender differences differs from the first studies using the IRI, it is consistent with a recent meta-analysis of investigations using the IRI over the past 30 years, which found that samples with more males tend to have lower PD scores, but found no significant relationship between gender and any other IRI subscale (Konrath et al. 2011) .
Results
Behavioral Data
Empathy Scores
Pairwise correlations between all behavioral measures are reported in Table 2 . Consistent with previous reports (Davis 1983a; Davis et al. 1994) , the strongest correlation was between the PT and EC subscales (r = 0.60, P < 0.001), followed by the EC and FS subscales (r = 0.34, P < 0.01). The PD and FS subscales were also significantly positively correlated (r = 0.31, P < 0.01). Positive associations of FS with both PD and EC are consistent with suggestions that this subscale may be more associated with emotional than with cognitive responding (Davis 1983b) , despite its having been originally considered a cognitive dimension of interpersonal reactivity (Davis 1980) .
Musical Training
Fifty participants provided musical training information. These participants had received between 0 and 14 years of musical training (M = 8.17 years; SD = 4.21). Of the 48 participants who had received musical training, age of onset of this training ranged from 4 to 19 years (M = 7.77 years; SD = 2.92). As shown in Table 2 , age of onset and duration of musical training were significantly (negatively) correlated, but neither onset nor duration of musical training was significantly related to any IRI subscale. This suggests that correlations between emotional or cognitive empathy and FA could not be mediated by more musical training among those with high IRI subscale scores. Pairwise correlations between IRI subscales correspond to data from all 64 participants. Reported correlations between IRI scores and number of years of musical training correspond to the subset of participants (n = 50) who provided musical training background information. Correlations between age of onset of musical training and other behavioral measures correspond only to the 48 participants who provided musical training background data and indicated that they had received some form of regular musical training.
Primary DTI Analyses
Associations Between FA and Emotional Empathy FA values were positively correlated with EC scores within several clusters of the tract skeleton (Fig. 1) . These included clusters in long-range cortical association tracts, such as the SLF and IFOF bilaterally, as well as the right ILF. The SLF is a long-range association fiber tract connecting temporoparietal association areas involved in action perception with inferior frontal areas implicated in action production (Schmahmann and Pandya 2006) . The IFOF links sensory and limbic regions of cortex by providing connections between ventral occipital cortex and OFC by way of the temporal lobe (Catani et al. 2002 (Catani et al. , 2003 . The ILF plays a similar role, linking the occipital lobe with the amygdala and anterior temporal cortex (Catani et al. 2002 (Catani et al. , 2003 . FA was also positively associated with EC within a major association tract of the limbic system, the UF (Hasan et al. 2009 ), which interconnects the amygdala, hippocampal formation, temporal poles, and OFC (Ebeling and von Cramon 1992; Catani et al. 2002) .
Additionally, FA and EC were positively correlated in the ATR and CST bilaterally. The ATR connect the frontal cortex with dorsomedial thalamic nuclei and provide bidirectional connections between limbic structures, anterior thalamic nuclei, and the frontal lobe (Campbell 2005) . The CST contains descending neurons originating in premotor and motor cortex (Dum and Strick 1991) .
EC scores were also positively correlated with FA in the FM and an adjacent area of the CC. The FM is comprised of projections from the genu of the CC and provides interhemispheric connections between the left and right frontal lobes (Catani et al. 2002) . No areas of the tract skeleton showed significant negative correlations between FA and EC.
Associations Between FA and Cognitive Empathy
No significant associations between cognitive empathy and WM microstructure were observed: FA values were not significantly correlated with PT scores anywhere in the group mean skeleton. All reported null findings were not significant even at a reduced threshold of P < 0.05, uncorrected.
Secondary DTI Analyses
Associations Between AD, RD, and Emotional Empathy Clusters within the group tract skeleton in which FA and EC were significantly associated were interrogated further to clarify which diffusion components were contributing to the observed effects. No significant correlations between AD and EC were observed in these clusters, nor were there any significant correlations between RD and EC.
Associations Between FA and PD/FS Neither PD nor FS subscale scores were significantly positively correlated with FA values in any region of the tract skeleton. Similarly, no areas of the tract skeleton exhibited a negative relationship between FA and these IRI subscales.
Discussion
Interactions between distant brain regions (e.g., in frontal, parietal, and limbic cortex) are thought to be central to the experience of empathy (Carr et al. 2003; Zaki and Ochsner 2012) . While communication between far-off regions likely depends on WM connections, the anatomical pathways that support empathic processing previously remained unexamined. The current results suggest that greater levels of EC are associated with greater WM integrity in association fiber tracts linking areas involved in action production and action perception (SLF), areas involved in visual and affective processing (ILF and IFOF), and areas within the limbic system (UF and ATR). Similar associations were observed between EC and WM integrity in the CST and in commissural fibers supporting interhemispheric communication in the frontal cortex (CC and FM). Associations with WM microstructure were specific to EC: Scores on the remaining IRI subscales were included as nuisance variables in our primary analyses, and no other IRI subscale was significantly related to FA. These results suggest that anatomical connections, such as those between regions involved in action perception and production, and between sensory and limbic cortical regions, are of particular relevance to emotional empathy. The following section elaborates on results pertaining to each region of the tract skeleton.
ILF/IFOF Microstructure and Emotional Empathy
EC was related to more robust WM microstructure in the IFOF bilaterally, as well as the right ILF (Table 3 ). The IFOF and ILF run together through much of temporal and occipital cortex, linking areas involved in early visual and facial processing to more anterior areas involved in affective processing (Mori et al. 2008) . The IFOF travels from the occipital lobe through medial temporal cortex before ending in OFC; the ILF begins in extrastriate visual cortex and in the fusiform gyrus and terminates in lateral temporal cortex and in medial temporal cortex in the vicinity of the amygdala and parahippocampal gyrus (Catani et al. 2002 (Catani et al. , 2003 Schmahmann and Pandya 2006) . The ILF and IFOF appear to underlie the modulation of early visual processing by the amygdala (Catani et al. 2003) and have recently been linked to emotional processing in patients with focal brain lesions. Damage to these tracts impairs visual emotion recognition even in the absence of damage to the gray matter structures that they connect, suggesting that the long-range communication they provide is critical for the effective interpretation of emotional visual information (Philippi et al. 2009 ). Further, findings from magnetoencephalography suggest that the ILF and IFOF provide "short-cuts" for communication between early sensory cortices and more anterior areas involved in affective processing (e.g., amygdala, OFC, and temporal poles), allowing emotional visual information to modulate attention even before it has been fully visually processed (Rudrauf et al. 2008) . Lesions to the ILF dampen emotional responses to visual stimuli (visual hypoemotionality; Bauer 1982) . Similarly, ASD, characterized by social perception deficits and deficient interaction between the amygdala and fusiform gyrus in social contexts (Schultz 2005) , is associated with a compromised ILF ( Results are presented on the MNI template brain, and images are presented in radiological convention. The group mean skeleton, containing WM tracts common to all participants, is indicated in green. All displayed results are significant at P < 0.05 after correcting for FWE and after Bonferonni adjustments for multiple statistical contrasts. CST corticospinal tract; FA, fractional anisotropy; FM, forceps minor; IFOF, inferior fronto-occipital fasciculus; SLF, superior longitudinal fasciculus; UF, uncinate fasciculus. Enhanced ILF and IFOF microstructure among those high in EC may enhance attention to emotional visual signals and underlie correlations between visual emotion recognition abilities and emotional empathy (Laurent and Hodges 2008; Dimberg et al. 2011) .
WM Microstructure in the Limbic System and Emotional Empathy EC was also related to enhanced WM integrity in a major limbic association tract, the UF (Hasan et al. 2009 ), which provides reciprocal connections between the amygdala, hippocampal formation, temporal poles, and OFC (Ebeling and von Cramon 1992; Catani et al. 2002) . Consistent disruption of this tract in ASD (Kumar et al. 2010; Pardini et al. 2009; Ameis et al. 2011; Lo et al. 2011 ) has been suggested to contribute to impaired socio-emotional functioning among individuals with ASD (Ameis et al. 2011) . The current findings suggest that UF integrity does not only predict socio-emotional functioning in pathological circumstances: A more robust UF also appears to be associated with higher levels of EC among healthy individuals. Similar associations were observed between EC and FA values within the ATR, which link the thalamus and frontal lobes and interconnect limbic structures with the thalamus and frontal cortex (Campbell 2005) . The ATR are included in Papez' original limbic circuit, thought to support memory and the cortical control of emotion (Papez 1937) . Circuits involved in affective arousal that include the hippocampus, amygdala, and hypothalamus are thought to contribute to the affective state-sharing processes that characterize emotional facets of empathy (Decety 2011) . Increased integrity of WM tracts interconnecting these regions may reflect and/or enable more rapid and prioritized processing of emotional information among individuals high in EC.
SLF Microstructure and Emotional Empathy
EC was also positively correlated with FA values in the SLF bilaterally (Table 3) , most extensively in the right SLF (Fig. 1) , suggesting that this pathway is particularly important for EC. While the left SLF has long been implicated in language processing, providing a pathway for communication between areas involved in speech perception and speech production (Geschwind 1965; Damasio and Damasio 1980; Catani and Mesulam 2008) , historically, the right SLF has received comparatively less attention (Loui et al. 2009 ). Recently, the right SLF has been implicated in processing melodic patterns and fine-grained auditory pitch differences, and in reproducing perceived melodies (Loui et al. 2009; Halwani et al. 2011; Loui, Li, Hohmann, et al. 2011; . This tract is impoverished in tone-deaf individuals and comparatively robust in individuals with absolute pitch (Loui et al. 2009 , Loui, Li, Hohmann, et al. 2011 and in those better able to learn pitch patterns , presumably because it links temporo-parietal areas involved in pitch perception with inferior frontal areas implicated in pitch production (Loui et al. 2009 ). The current results may reflect a similar phenomenon in which WM tracts connecting areas involved primarily in perceiving and producing emotional signals are more robust among individuals higher in EC. This is consistent with suggestions that an automatic link between perception and action underlies emotion contagion (Chartrand and Bargh 1999) , and with fMRI evidence implicating frontal endpoints of the right SLF (right ventral premotor area-BA 6; IFG-BA 44; Schmahmann and Pandya 2006) in passive viewing of emotional expressions (Leslie et al. 2004 ) with higher responses to social stimuli in these regions corresponding to higher EC scores (Kaplan and Iacoboni 2006; Schulte-Rüther et al. 2007; Pfeifer et al. 2008) . Enhanced anatomical connectivity between areas involved in the perception and expression of emotion could have several social consequences for high emotional empathizers. First, it could underlie high emotional empathizers' tendency to modulate their own affective signals to a greater degree in response to others' emotional expressions (Sonnby-Borgström 2002; Dimberg et al. 2011) , which improves perceived rapport (Bernieri 1988; Chartrand and Bargh 1999; Miles et al. 2009; Ramseyer and Tschacher 2011) and further perpetuates emotion contagion (Laird et al. 1994) . Second, more robust connections between areas involved in emotion expression and perception may underlie correlations between emotional empathy and emotion recognition ability (Shamay-Tsoory et al. 2009; Dimberg et al. 2011) , potentially mediated by internal simulations of others' experiences (Gallese 2003) , consistent with evidence that disrupting activity in the right premotor cortex impairs emotion discrimination, but not identity discrimination (Banissy et al. 2010) or semantic processing (van Rijn et al. 2005) . Third, anticipating social cues as they unfold using cortical machinery for action prediction and simulation could improve the speed and clarity with which these cues are processed, particularly in ambiguous contexts (Stephens et al. 2010) . Thus, enhanced anatomical coupling between areas involved in emotional perception and expression may enable more efficient communication between these areas when predicting social cues as they unfold in real time to minimize prediction error (Blakemore and Frith 2005; Kilner et al. 2007; Wilson and Knoblich 2005) . It may also promote internal simulations of others' emotional signals to improve social understanding (Gallese 2003) or to promote mimicry and interpersonal synchrony, thus improving social cohesion (Wheatley et al. 2012) . These possibilities are not mutually exclusive. For instance, anticipating others' upcoming behavior during social interactions is essential both to minimize prediction error (Wilson and Knoblich 2005) and to establish interpersonal synchrony (Keller PE et al. 2007 ).
Commissural Fiber Tracts and Emotional Empathy EC was positively associated with FA in the FM and adjacent areas of the CC, tracts supporting interhemispheric communication in medial and lateral prefrontal cortex (Peltier et al. 2010; Voineskos et al. 2010) , which clinical evidence suggests is necessary to link psychophysiological responses to emotional stimuli with appropriate conceptual emotional information (Paul et al. 2006) . The FM has previously been found to be less robust in individuals with ASD (Keller TA et al. 2007; Jou et al. 2011) , and in males in comparison with females (Schmithorst et al. 2008 ). In the current study, correlations between FA in this area and EC cannot be explained by gender differences in dispositional emotional empathy since gender was included in the regression analysis as a nuisance variable. Future work may investigate whether gender differences in the WM microstructure of these regions are mediated by broader dispositional variables that vary both between and within genders, such as empathic tendencies.
CST Microstructure and Emotional Empathy EC was also significantly related to FA in the CST bilaterally. There are at least 2 possible explanations for this finding. First, observing others experience pain dramatically reduces corticospinal excitability in motor neurons corresponding to the body part being harmed, and the magnitude of this inhibition is proportional to the intensity of the observed pain (Avenati et al. 2005 ). This inhibition is thought to occur in response to AON/hMNS activation, preventing downward propagation of the motoric representations elicited during action observation. EC scores have previously been shown to modulate neural activity suggestive of affective "state-sharing" when observing others experience pain (Singer et al. 2004) . It is possible that more robust WM microstructure in tracts connecting AON/hMNS areas (e.g., in the SLF) elicits enhanced activation in premotor and primary motor areas of cortex during action observation (Kraskov et al. 2009 ), which in turn requires concomitant CST inhibition to ensure that the observed or predicted action programs are not executed. A second possibility is that increases in CST microstructural integrity associated with higher EC reflect excitatory anatomical connections: Emotion can increase CST excitability (Baumgartner et al. 2007; Hajcak et al. 2007; Schutter et al. 2008) , as can action observation, particularly among those high in empathy (Lepage et al. 2010) . Thus, it is also possible that increased FA in the CST of those high in EC reflects excitatory connections. Some combination of these factors is also possible: In macaque ventral premotor cortex, CST neurons whose firing is facilitated or suppressed by action observation appear to be equally prevalent (Kraskov et al. 2009 ). While it is not possible to discern whether the WM microstructural differences observed here reflect changes in inhibitory or excitatory neural connections, future work using additional modalities of measurement may clarify the exact nature of these differences.
WM Microstructure and Cognitive Empathy
Although similar ranges of PT and EC scores were obtained, and participants' scores on these subscales closely matched previously reported normative data (Table 1) , PT was not associated with any differences in WM microstructural integrity. While a null finding is difficult to interpret, there are many possible reasons why emotional empathy would be more closely associated with differences in anatomical connectivity than cognitive empathy. First, emotional empathy is characterized by rapid, obligatory perception-action coupling (Dimberg et al. 2011 ), whereas cognitive empathy appears to comprise a less automatic, more effortful process (Keysar et al. 2003) . If emotional empathy is a more automatic process than cognitive empathy, regions belonging to the neural networks supporting emotional empathy may become "wired" together more strongly through simple Hebbian learning in everyday experience. Fittingly, our primary analyses revealed that WM integrity in the vicinity of the SLF, which links temporo-parietal areas implicated in action perception with inferior frontal regions associated with action production (Schmahmann and Pandya 2006) , was specifically associated with EC, our measure of emotional empathy. In the same vein, while PT has been suggested to be malleable to experience during development (Davis et al. 1994) , EC has consistently been found to comprise the most heritable component of dispositional empathy (Matthews et al. 1981; ZahnWaxler et al. 1992; Davis et al. 1994) . Therefore, compared with individuals high in PT, individuals high in EC may have more consistently engaged regions belonging to the neural networks supporting this facet of empathy throughout their lives, and thus, may have more consistently strengthened anatomical connections between these regions. Secondly cognitive empathy may rely on domain-general mechanisms (Decety and Lamm 2007) that are shared by perspective taking functions in other domains (e.g., visuospatial perspective taking; Aichhorn et al. 2006; Hamilton et al. 2009 ). Recent evidence suggests that both implicit and explicit mentalizing rely in part on domain-general executive processing resources (Schneider et al. 2012) . In contrast, emotional empathy involves at least in part, evolutionarily older, domain-specific neural machinery dedicated to perceiving and adjusting emotional states (Decety 2011) . Thus, individual variability in the tendency to employ perspective taking in nonsocial contexts may introduce noise into correlations between social perspective taking and its structural correlates that would not affect correlations between emotional empathy and WM microstructure. Third, cognitive empathy may not depend as heavily on rapid neural coupling between distant regions compared with emotional empathy, which is associated with predicting and reacting to others' actions within milliseconds (Phillips-Silver et al. 2010; Dimberg et al. 2011 ).
Conclusions
The current results provide the first evidence that the tendency to experience emotion in response to the perceived emotions of others is associated with specific patterns of anatomical connectivity. Importantly, individual differences in anatomical connectivity could arise from consistent behavioral patterns, or predispose them. Just as early neuroanatomical abnormalities are associated with decreased sensory-emotional and perception-action coupling in clinical disorders (Bachevalier and Loveland 2006) , predispositions for hyperconnectivity may underlie heightened EC in some individuals. On the other hand, recent evidence suggests that even shortterm experience can markedly alter the structure of several anatomical tracts, including those implicated in the current study (Hänggi et al. 2008; Imfeld et al. 2009; Tang et al. 2010; Halwani et al. 2011) .
Deficits in long-range connectivity are thought to underlie difficulties in integrating social cues among individuals with ASD (Courchesne and Pierce 2005) , particularly connections between the limbic system and areas involved in language and sensorimotor processing (Gotts et al. 2012) . The collection of tracts whose microstructural integrity is compromised in ASD (e.g., Shukla et al. 2010; Jou et al. 2011) closely match those whose microstructural integrity is positively related to EC. The cortical regions connected by these tracts also correspond to those thought to support empathic accuracy among healthy individuals (Zaki et al. 2009 ), which is positively associated with EC (Laurent and Hodges 2008) . Taken together, these facts suggest that interventions aimed at strengthening tracts associated with EC, such as those connecting areas of the AON/hMNS network (Wan et al. 2011 ), could enhance social functioning both among those with clinically significant social impairments and among healthy individuals. Future work should characterize the causal direction of the relationship between EC and anatomical connectivity, and the potential for interventions to enhance social connectivity though experiences that would strengthen these anatomical connections.
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